The interaction between genes of Aspergillus nidulans conferring constitutive synthesis of isocitrate lyase (icf'A and icZ'B) and fluoroacetate resistance CfacB) has been investigated. Although facB mutants are unable to induce the glyoxylate cycle enzyme isocitrate lyase in response to acetate as sole carbon source, this phenotype was suppressed in recombinants of the type icf';facB. The icf'A and icZ'B mutations do not alter significantly the activities of eight enzymes of intermediary metabolism assayed. We conclude that the icl' genes are probably bona fide isocitrate lyase regulatory genes.
Introduction
The enzymes of the glyoxylate cycle, isocitrate lyase and malate synthase, are induced in the filamentous fungus Aspergillus nidulans in response to acetate as sole carbon source (Armitt et al., 1976) . The structural genes for the enzymes have been characterized; acuD is the gene for isocitrate lyase (Armitt et al., 1970) and acuE is the gene for malate synthase (Armitt et al., 197 1) . Genes have also been identified which give either an uninducible or constitutive phenotype. The gene facB, which confers fluoroacetate resistance (Apirion, 1965) , has been proposed as a positive regulatory gene required for the induction of those enzymes involved in the metabolism of acetamide and acetate (Katz & Hynes, 1989) . Other mutants which make isocitrate lyase constitutively have been isolated through reversion of a pyruvatecarboxylase-less strain by analogy with E. coli (Brice & Kornberg, 1968) , and also under non-selective conditions by screening colonies growing on sucrose agar medium. These mutants (McCullough & Roberts, 1980) map at two unlinked loci, icl'A and icl'B and contain low constitutive activity (about 10% of the fully induced wild-type). The icl'A and icl'B mutations in the double mutant (icl'A4; icl'BI) have constitutive activity which is 40% of the fully induced wild-type.
Doubts have been expressed about the nature of the icl' genes and their role in the genetic control of isocitrate lyase (McCullough & Roberts, 1980; * Author for correspondence. Tel. (0232) 365 13 1 ; fax (0232) 362808.
0001-7891 0 1993 SGM 1986). It was suggested that the defects might be in structural genes encoding enzymes of intermediary metabolism in such a way as to cause spurious increases in the concentration of the (unknown) inducer of isocitrate lyase activity. This interpretation seems unlikely (unless a fully constitutive phenotype is lethal), since mutations at both loci were recovered in a screening programme which did not select for a phenotype other than constitutive gene expression (McCullough & Roberts, 1980) . This paper reports a survey of other related enzymes in the icl' mutants which might indicate metabolic disturbances. We also report on the interaction between the icF genes and facB.
Methods
Growth media. A. nidulans was grown in liquid minimal medium as described previously (Armitt et al., 1976) , except that filter-sterilized 1 M-urea (rather than nitrate) was added as a nitrogen source to a final concentration of 5 mM. For growth tests, the same medium solidified with agar was used. The carbon sources were sucrose and acetate to 20 mM and 100 mM respectively, and nutritional supplements were added as required to the sterilized medium.
Enzyme assays. Mycelia for enzyme assays were harvested by filtration, washed with 0.05 M-potassium phosphate buffer, pH 7.0, broken by ultrasonic vibration in the same buffer and cell-free extracts recovered as the clarified supernatants after centrifugation for 20 min at 15000 g and 4 OC. Enzymes were assayed essentially by published procedures as follows: acetyl-CoA synthase (Jones & Lipmann, 1955) ; isocitrate lyase (Armitt et al., 1970) ; malate synthase (Armitt et al., 197 1) ; citrate synthase (Cooper & Beevers, 1969) , NADP+-dependent isocitrate dehydrogenase (Kornberg, 1955) ; succinate dehydrogenase (Ellis, 1959) ; fumarase (Hill & Bradshaw, 1969) ; malate dehydrogenase (Khouw & McCurdy, 1969) ; pyruvate kinase (McCullough & Roberts, 1974) ; and ATP-citrate lyase as in Osmani & Scrutton (1983) .
A. nidulans strains. The strains used were R21 (yA2 pabaAI), R153 (wA3;pyroA4), M279 (yA2pabaAI icl'BI), M542 (yA2pabaAI ; icl'A4), M545 (pyroA4 icl'A4;icl'Bl) and M483 CfacBlOl ;biAI). The fluoroacetate-resistant mutant facBlOI was isolated by Apirion (1965) . Standard techniques were used for setting up and analysing Aspergillus crosses (Pontecorvo et al., 1953 ; Clutterbuck, 1984) . Table 1 shows the results from experiments in which a selection of enzyme activities were measured in A . nidulans strain R21 and the constitutive strains after growth under non-inducing conditions. It is clear that none of the enzyme activities differ significantly from the wild-type grown on sucrose medium. In particular, there is no change in NADP+-dependent isocitrate dehydrogenase, which is known to increase in activity in response to acetate (McCullough et al., 1977) . It is known from a previous study (McCullough & Roberts, 1980) that two other enzymes of acetate metabolism, acetyl-CoA synthase and malate synthase, are similarly not induced or derepressed in the icl' mutants after growth under noninducing conditions. Therefore, the icl' mutations appear to act specifically on the gene for isocitrate lyase. This contrasts with the situation in E. coli where the genes for the two glyoxylate cycle enzymes constitute an operon and are both produced constitutively in aceR mutants (Brice & Kornberg, 1968) . In A . nidulans, the genes for the two enzymes are on different chromosomes, and although the genes for acetyl-CoA synthase and isocitrate lyase are tightly linked (< 1 cM) (Armitt et al., 1976) , they are separated by at least 30 kb of DNA sequence (G. Turner, personal communication).
Results and Discussion
It has been proposed that the fluoroacetate-resistance gene, facB (Apirion, 1969 , encodes a positive-acting regulatory protein required for the induction of acetamidase (amdS) and the three major acetate-specific enzymes acetyl-CoA synthase, isocitrate lyase and malate synthase (Hynes, 1977) . Analysis of 'upstream' sequences and cis-acting mutations in amdS have identified the binding site for the facB protein (Hynes et al., 1988) . However comparable evidence at a molecular level that facB regulates the other genes of acetate metabolism is lacking. Indeed, the facB protein appears to play a structural role since two temperature-sensitive facB alleles cause thermolability of acetyl-CoA synthase, isocitrate lyase and malate synthase (Hynes et al., 1988) .
We have sought to investigate further the relative roles of icl' and facB by combining the mutant genes. When strains carrying either of the icl' genes were crossed with a strain carrying fa&, there were four classes of progeny with respect to fluoroacetate resistance and isocitrate lyase constitutivity, present in approximately equal numbers (data not shown). In each case, one class gave a fluoroacetate-resistant, isocitrate-lyase-constitutive phenotype and had the expected genotype (facB; icl') confirmed in backcrosses. This demonstrates that the icl' alleles are epistatic to the facB gene. Double mutant recombinants GfacB; icl') and the triple mutant strain CfacB;icl'A; icl'B) were constructed in a series of crosses and isocitrate lyase activity was measured in mycelium after growth in sucrose medium. The results are shown in Table 2 . It can be seen that the facB mutation does not reduce or abolish the isocitrate-lyase-constitutive phenotype in the single or double mutant constitutive strains. Clearly, the icl gene products must function upstream of Isocitrate lyase in Aspergillus nidulans 5 1 1 the facB product, although the molecular mechanism remains obscure. It is very likely that a number of regulatory genes are involved in the control of the genes for the glyoxylate cycle enzymes, because of the central role and strategic importance of the cycle in metabolism and the location of the enzymes within the glyoxysomes. The results presented here support the premise (McCullough & Roberts, 1980) that the id" genes are elements in the control system, although the precise roles of these genes have not yet been defined. We are currently attempting to clone and sequence the i d c genes to gain further information on the structure and likely functions of the gene products.
